A high-altitude version of the Navy Operational Global Atmospheric Prediction System (NOGAPS) spectral forecast model is used to simulate the unusual September 2002 Southern Hemisphere stratospheric major warming. Designated as NOGAPS-Advanced Level Physics and High Altitude (NOGAPS-ALPHA), this model extends from the surface to 0.005 hPa (ϳ85 km altitude) and includes modifications to multiple components of the operational NOGAPS system, including a new radiative heating scheme, middleatmosphere gravity wave drag parameterizations, hybrid vertical coordinate, upper-level meteorological initialization, and radiatively active prognostic ozone with parameterized photochemistry. NOGAPS-ALPHA forecasts (hindcasts) out to 6 days capture the main features of the major warming, such as the zonal mean wind reversal, planetary-scale wave amplification, large upward Eliassen-Palm (EP) fluxes, and splitting of the polar vortex in the middle stratosphere. Forecasts beyond 6 days have reduced upward EP flux in the lower stratosphere, reduced amplitude of zonal wavenumbers 2 and 3, and a middle stratospheric vortex that does not split. Three-dimensional EP-flux diagnostics in the troposphere reveal that the longer forecasts underestimate upward-propagating planetary wave energy emanating from a significant blocking pattern over the South Atlantic that played a large role in forcing the major warming. Forecasts of less than 6 days are initialized with the blocking in place, and therefore are not required to predict the blocking onset. Thus the combination of higher model top, better physical parameterizations, and better initial conditions all yield improved forecasting skill over the NOGAPS forecasts issued operationally at the time.
Introduction
A research project at the Naval Research Laboratory (NRL) has extended the Navy Operational Global Atmospheric Prediction System (NOGAPS) spectral forecast model from its current 1.0-hPa upper boundary to include a fully resolved prognostic middle atmosphere (Eckermann et al. 2004 ). This work is ongoing: the goal is to progressively transition aspects of this new NOGAPS-Advanced Level Physics and High Altitude (NOGAPS-ALPHA) to the Fleet Numerical Meteorological and Oceanographic Center (FNMOC) as part of a next-generation high-altitude NOGAPS that improves numerical weather prediction (NWP) at all levels. NOGAPS-ALPHA has been used in several studies to date. An early experimental extended-top (0.1 hPa) version of NOGAPS was used by Kim and Hogan (2004) to investigate forecast sensitivity to various drag mechanisms. McCormack et al. (2004) used the new prognostic ozone capability of NOGAPS-ALPHA to hindcast Arctic stratosphere ozone during January 2003 and compared it with aircraft data and ozone forecasts and analyses from the European Centre for MediumRange Weather Forecasts (ECMWF) Integrated Forecast System (IFS). Coy et al. (2005) simulated a Southern Hemisphere minor stratospheric warming and mesospheric cooling that occurred in August 2002. This paper builds on the previous work by verifying NOGAPS-ALPHA forecasts (we use the term "forecast" here although all NOGAPS-ALPHA runs here were made as hindcasts) of the September 2002 Southern Hemisphere (SH) major warming. This event provides a challenging test case for the model. The highly active 2002 SH winter culminated in September with rapid enhancement of zonal waves 1, 2, and 3 in the stratospheric geopotential height that accompanied the splitting of the winter polar vortex in the middle and upper stratosphere, reversal of the polar night jet, and record warming of the polar region in late September (Allen et al. 2003; Sinnhuber et al. 2003; Weber et al. 2003 ; also see special issue of the Journal of Atmospheric Science, vol. 62, no. 3, hereinafter JAS 2005) . Similar to Northern Hemisphere (NH) sudden warmings, strong nonlinear wave-wave interaction occurred, and the vortex may have experienced a cumulative preconditioning process that facilitated the major warming (Baldwin et al. 2003; Krüger et al. 2005) . However, mechanistic model simulations by Manney et al. (2005a) suggest that, because of unusually strong upper-tropospheric/lower-stratospheric planetary wave forcing, stratospheric preconditioning (in the conventional sense of a more poleward jet) was not necessary to produce this major warming. A key to understanding the 2002 SH warming is to determine the source of this large upward flux of planetary wave activity in the upper troposphere/lower stratosphere, which preceded the warming. Observations showed that the 100-hPa poleward eddy heat flux immediately preceding the warming was much larger than that seen in any previous year (Allen et al. 2003; Sinnhuber et al. 2003; Weber et al. 2003; Harnik et al. 2005; Newman and Nash 2005; Scaife et al. 2005) .
The source of this wave energy flux may be related to tropospheric blocking. Observational studies have identified a connection between stratospheric warmings and tropospheric blocking events in both the Northern and Southern Hemispheres (e.g., Quiroz 1986; Mechoso et al. 1988 ). Niishi and Nakamura (2004, hereinafter NN04) argue that the 2002 SH major warming was forced by large planetary wave fluxes emanating from a tropospheric blocking ridge over the South Atlantic. This ridge formed as part of a Rossby wave train, which NN04 argue originated from enhanced deep convection around the South Pacific convergence zone. It is therefore of interest to examine whether forecast models that have a well-resolved troposphere and stratosphere are able to predict the blocking in conjunction with the subsequent stratospheric major warming.
In fact, this stratospheric major warming was predicted up to about a week in advance by operational weather forecasts issued by both the National Centers for Environmental Prediction's (NCEP) Global Forecast System (GFS) (J. Derber 2003, personal communication) and the ECMWF's IFS (Simmons et al. 2005) . Studies have shown that the predictive skill of NWP models is better in the lower stratosphere than in the midtroposphere (e.g., Waugh et al. 1998; Lahoz 1999) . Forecast skill in the stratosphere depends on many factors, including flow history, flow structure, vertical resolution in the stratosphere, location of highest model full and half levels, initialization errors, and tropospheric forecasting errors (Mechoso et al. 1985 (Mechoso et al. , 1986 Lahoz 1999) . Targeted studies of specific warming events show that in some cases the warming can be predicted up to several weeks in advance (Mukougawa and Hirooka 2004) , while in other cases, particularly rapidly evolving "wave 2"-type warmings, the predictability is on the order of a week or less (Mechoso et al. 1985; Simmons et al. 2005) .
Given the observed relationship between tropospheric blocking and stratospheric warmings, the success of forecasting stratospheric warmings may depend strongly on the success of forecasting blocking conditions in the lower atmosphere. NWP models often have trouble forecasting the onset of blocking events, particularly in the Southern Hemisphere (Tibaldi et al. 1994 ). Forecasts initialized with blocked conditions in place usually have better performance than those initialized prior to blocking onset. In this paper, we analyze NOGAPS-ALPHA forecasts for varying durations and initial conditions to try to determine if there is any connection between the skill of forecasting the observed major warming and the skill of forecasting tropospheric blocking. This will also provide an independent test of the NN04 hypothesis for the warming's origin as well as further validation for the NOGAPS-ALPHA model. The paper is organized as follows. Section 2 provides an overview of NOGAPS-ALPHA and discusses the model configurations and initialization fields used in this study. Section 3 presents NOGAPS-ALPHA forecasts of the stratospheric major warming and associated tropospheric blocking for different forecast durations. In section 4 we quantify the forecast skill of NOGAPS-ALPHA using standard skill diagnostics, comparing with operational NOGAPS forecasts over a 3-week period during September and October 2002. Section 5 discusses and summarizes our major findings.
NOGAPS-ALPHA model description a. Operational NOGAPS model
NOGAPS is the Department of Defense's highresolution global NWP system. Hogan and Rosmond (1991) and Hogan et al. (1991) provide a detailed description of the global forecast model. Briefly, NOGAPS is a global Eulerian spectral model in the horizontal and uses a generalized vertical coordinate within an energy-conserving vertical finite-difference formulation. The operational model runs at the FN-MOC with a horizontal resolution of T239 and 30 model levels with a top pressure half level of 1 hPa (see Fig. 1a ). The model's dynamical variables are relative vorticity, divergence, virtual potential temperature, specific humidity, and terrain (surface) pressure. The model is central in time with a semi-implicit treatment of gravity wave propagation and uses Robert (Asselin) time filtering. The current operational model's physics packages include a bulk Richardson numberdependent vertical mixing scheme (Louis et al. 1982 ); a time-implicit Louis surface flux parameterization (Louis 1979) ; flow-blocking and orographic gravity wave drag (Webster et al. 2003) ; shallow cumulus mixing of moisture, temperature, and winds (Tiedtke 1984) ; the Emanuel cumulus parameterization (Emanuel and Zivkovic-Rothman 1999; Peng et al. 2004 ); convective, stratiform, and boundary layer cloud parameterizations (Slingo 1987; Teixeira and Hogan 2002) ; and a shortwave and longwave radiation scheme (Harshvardhan et al. 1987 ).
b. NOGAPS-ALPHA model
Here we summarize the major developments in NOGAPS-ALPHA. More complete descriptions are provided in Eckermann et al. (2004) and McCormack et al. (2004) . NOGAPS-ALPHA replaces the current sigma coordinate with a hybrid sigma-pressure coordinate that transitions from terrain-following near the surface to pure pressure levels at ϳ72.6 hPa; the hybrid coordinate has been shown to improve middleatmosphere simulations (e.g., Trenberth and Stepaniak 2002) . Our initial T239L54 model (Fig. 1b) uses a hybrid formulation that produces uniformly smooth transitions to constant pressure height thicknesses in the stratosphere over arbitrary topography (Eckermann et al. 2004 ) and adopts constant pressure height thicknesses of ϳ2 km throughout the rest of the middle atmosphere. This uniform vertical resolution is similar to current choices adopted for the ECMWF IFS.
A new family of physics packages was needed to adequately simulate the new upper altitudes of the prognostic NOGAPS-ALPHA atmosphere. We have replaced the operational radiation scheme (Harshvardhan et al. 1987) with the "CLIRAD" shortwave and longwave radiation schemes described by Chou and Suarez (2002) and Chou et al. (2001) , respectively. CLIRAD improves the radiative heating and cooling calculations at all levels, but significantly improves the middle atmosphere. NOGAPS-ALPHA also currently includes six gravity wave drag (GWD) parameterizations, which are being tested and can all be either activated or deactivated for a given run, as well as a generalized Rayleigh friction scheme for use as a simpler proxy for mesospheric GWD (Eckermann et al. 2004) . For the polar SH winter forecasts examined in this paper, only orographic GWD (OGWD) should be significant. We parameterized OGWD in the runs reported here using the Palmer et al. (1986) scheme (with its parameterized GWD applied only up to 150 hPa), since this same scheme was used operationally in NOGAPS throughout 2002. We deactivated the other five GWD schemes. Note that all NOGAPS-ALPHA and NOGAPS-ops (the archived FNMOC operational forecasts) forecasts were performed using silhouette orography, while the currently operational NOGAPS transitioned to mean orography in November 2003.
We have also introduced and continue to develop a new three-dimensional (3D) prognostic ozone capability. The current formulation is described by Eckermann et al. (2004) , who also show some preliminary NOGAPS-ALPHA total ozone hindcasts based on these schemes for the 2002 SH warming, and by McCormack et al. (2004) , who provide preliminary validation of the performance of prognostic ozone via hindcast runs in the Arctic during January 2003. Briefly, NOGAPS-ALPHA now ingests analyzed 3D ozone mixing ratio fields and advects them spectrally as a new prognostic chemistry variable. The ozone initialization is based currently on ozone analyses from the National Aeronautics and Space Administration's (NASA) Global Modeling and Assimilation Office (Riishojgaard et al. 2000; Stajner et al. 2001) up to 1 hPa and an ozone climatology from 1 to 0.005 hPa. We have incorporated several existing linearized ozone photochemistry schemes (Cariolle and Déqué 1986; McLinden et al. 2000) for chemical updating of these fields and are currently developing a new scheme based on output from sensitivity experiments with NRL's two-dimensional model ). All runs in this paper use the Cariolle and Déqué (1986) photochemistry scheme and feed the 3D prognostic ozone into the shortwave and longwave radiation calculations.
For initialization of the meteorological fields, we use a "cold start" procedure in which analyzed winds and geopotential heights on pressure surfaces are interpolated to the model levels (temperature is calculated internally from the heights using hydrostatic balance). During September 2002, the NOGAPS operational analysis was based on a multivariate optimal interpolation (MVOI) system (Goerss and Phoebus 1992) , with assimilated meteorological fields at FNMOC extending to 10 hPa. An experimental "STRATOI" product was also issued at the time, based mostly on Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder (TOVS) radiances from the Microwave Sounding Unit, which yielded additional initialization fields for winds and geopotential heights up to 0.4 hPa. Unfortunately, the STRATOI fields were not archived during this period, so we have opted instead to use ECMWF IFS analyzed winds and layer thicknesses for initializing the region from 10 to 1 hPa. Given our current upper boundary of 0.005 hPa, we have developed a generalized upper-level initialization scheme that extrapolates topmost initialization winds and geopotentials by progressively relaxing them with increasing altitude to seasonally varying 2D climatological values from either the 1986 Committee on Space Research (COSPAR) International Reference Atmosphere (CIRA; Fleming et al. 1990) (2004) for details. In all the forecasts in this paper, initialization was based on relaxing to URAP winds and CIRA geopotentials, since URAP temperatures only extend to ϳ60 km. After the pressure-level fields are interpolated to the model grid, the fields are run through a nonlinear normal-mode filter (Errico et al. 1988 ) before starting the forecast.
c. Initialization fields and model hindcasting configurations
The two NOGAPS models we use in this paper are depicted in Fig. 1 . We refer to the T239L30 model hereafter as "NOGAPS," since this same model resolution
is still (as of March 2005) used operationally at FN-MOC (note that NOGAPS transitioned from T159L24 to T239L30 at FNMOC on 18 September 2002, just a week before the major warming). We do not rerun the NOGAPS model configuration in hindcast mode here, but instead use the archived 5-day forecast fields it generated operationally at FNMOC during this period. We denote hereafter by "ALPHA" the T239L54 NOGAPS-ALPHA model (Fig. 1b) , which we run here in hindcast configurations using different operational analysis fields. We shall refer to the archived operational MVOI fields as the "operational analysis," or "ops" for short, NOGAPS-ops designates forecasts produced by the T239L30 model initialized with MVOI operational analysis fields. However, one should keep in mind that this describes an operational situation in 2002 that no longer holds today, since the MVOI system was replaced at FNMOC in 2003 by a new system, the NRL Atmospheric Variational Data Assimilation System (NAVDAS), which is based on 3D variational data assimilation (3DVAR; Daley and Barker 2001) .
To test the impact of NAVDAS on NOGAPS-ALPHA forecasts in the troposphere and stratosphere, our "ALPHA" (T239L54) model runs are initialized not only with the archived "ops" fields, but also with a 2002 reanalysis that was performed using the currently operational NAVDAS, with pressure-level data extending up to 4 hPa. This reanalysis also includes radiance assimilation in place of National Environmental Satellite, Data, and Information Service (NESDIS) temperature retrievals; this capability became operational at FNMOC in June 2004 [see Baker et al. (2005) for details]. We denote these reanalysis fields "rean," with the understanding that they are a good representation of what the current operational assimilation system might have produced had it been running operationally during 2002. For each of these ALPHA hindcast runs, we use the "cold start" procedure described earlier. These hindcast NWP configurations are denoted ALPHA-ops and ALPHA-rean.
NOGAPS-ALPHA forecasts of the stratospheric major warming and tropospheric blocking a. Description of diagnostics
In this section we examine dynamical features of the 2002 SH major warming event in the middle stratosphere (10 hPa), lower stratosphere (100 hPa), and troposphere (500 hPa). We compare NOGAPS-ALPHA forecasts of varying durations with the NOGAPS reanalyzed fields (rean) to determine how well the new model can predict the salient features of the event. We show only ALPHA-rean forecasts here, while ALPHAops and NOGAPS-ops forecasts are examined in section 4.
We will start by examining the synoptic evolution of the stratospheric geopotential height, zonal mean wind and temperature, and amplitude and phase of largescale planetary waves 1, 2, and 3. Next, we will look at the zonally averaged Eliassen-Palm (EP) flux, which is conserved (nondivergent) for nondissipating planetary waves, and thus it is a fundamental measure of wave activity whose vector direction indicates the group velocity of waves in the meridional plane (Andrews et al. 1987 ). We will focus on the upward component of the EP-flux vector, which is proportional to the eddy heat flux ЈT Ј, where Ј and T Ј are meridional wind and temperature departures from zonal mean, respectively, and overbar denotes zonal averaging. In the troposphere, we will compute the three-dimensional EP flux based on the work of Plumb (1986) , in which smallamplitude, quasigeostropic eddies, on a slowly varying time-mean flow, are shown to be associated with a conservable measure of wave activity flux. This threedimensional EP flux is based on eddy statistics calculated with respect to a time-averaged mean state. We calculate the 3D flux separately for the analysis (in our case the NOGAPS reanalysis discussed in section 2c) and for the NOGAPS-ALPHA forecasts using daily deviations of the geopotential heights and winds from the analyzed September 2002 monthly mean. While the Plumb (1986) formulation is based on quasigeostrophic winds, here we use the full winds generated by the analysis and forecasts. We compare the analyzed and forecast wave activity fluxes, which allow us to pinpoint the location and quantify the magnitude of significant propagation of planetary wave energy from the troposphere into the stratosphere.
b. Analyses and forecasts in the middle stratosphere (10 hPa)
A conspicuous feature of the 2002 SH major warming was the splitting of the polar vortex in the middle stratosphere (JAS 2005) . Figure 2 shows SH polar orthographic maps of the 10-hPa geopotential height on 26 September 2002 (note: all forecasts and analyses in this paper are plotted at 1200 UTC) from the NOGAPS reanalysis (hereinafter called "the analysis") along with ALPHA-rean forecasts initialized on 16, 18, 20, and 22 September. Hereinafter, we will denote these forecasts by R16, R18, R20, and R22, respectively. The analyses leading up to 26 September (not shown) display a nearly circular polar vortex on 16 September that rap-idly evolves into a strong zonal wave 1 pattern, with a strengthening anticyclone south of Australia, the socalled Australian high (Harvey et al. 2002) . The middle of the vortex starts to become "pinched" by two opposing ridges so that by 24 September two distinct cyclonic cells develop within the vortex. Figure 2 shows that on 26 September the polar vortex splits into two pieces (here we identify a "split" vortex as one in which there are no closed geopotential height contours surrounding both vortex cells). Although split polar vortices have occurred during a number of strong major warming events in the NH (Andrews et al. 1987) , this is the first time the SH vortex has ever been observed to split at 10 hPa so early in the year.
R22 (4-day forecast) nicely captures the splitting of the vortex at this level. R20 (6-day forecast) also shows a split vortex, but the separation of the two vortex lobes is not as distinct as in the analysis. Although R18 and R16 (8-and 10-day forecasts) show an elongated vortex, the vortex core does not split, but remains in a strong wave 1 pattern. This is consistent with results from Simmons et al. (2005) , who showed that operational ECMWF forecasts beyond 7 days were not able to capture the complete splitting of the vortex at 10 hPa.
The synoptic plots in Fig. 2 suggest rapid changes in the zonal mean conditions during the event. Figure 3 provides the evolution of zonal mean wind, temperature, and eddy heat flux from 15 to 30 September for the analysis (top row) and forecasts R20, R18, and R16. The reversal of winds to easterlies during the major warming is seen in the analysis at 10 hPa. R20 nicely captures the wind reversal to easterly starting at the pole on 22 September and eventually encompassing all latitudes from 30°to 90°S. R16 and R18 both show a region of easterlies developing near the pole, but the core of the polar jet remains westerly.
The analyses show a reversal of the meridional temperature gradient (middle column of Fig. 3 ) on 21 September due to rapid warming of the polar region. The forecasts all show reversal of the temperature gradient around 21 September. However, the magnitude of the warming following the reversal is underestimated in the R16 and R18 forecasts. The right column of Fig. 3 shows that the accompanying analyzed heat flux (here multiplied by Ϫ1 to make poleward heat flux positive) strengthens from 18 to 26 September, peaks at around 425 K m s Ϫ1 near 60°S, then drops off rapidly. The heat flux for R20 matches the analyses well, with a very strong peak on 26 September, while R16 and R18 have heat fluxes that peak too early (22 September) and too weakly. Figure 4 plots the evolution of geopotential height amplitudes of zonal wavenumbers at 10 hPa, along with the phase of the waves at 60°S (black circles). The analysis (top row) shows that wave 1 has a strong peak on 22 September, 4 days before the vortex split. From 22 to 26 September, the wave 1 amplitude decreases while waves 2 and 3 increase in amplitude. Wave 2 peaks at ϳ890 m, while wave 3 peaks at ϳ670 m. The large amplitudes of waves 2 and 3 are evident in the analyzed synoptic map for 26 September in Fig. 2 . The phase progression shows wave 1 propagating slowly eastward after 20 September, while waves 2 and 3 move rapidly eastward with brief stalling periods centered around 24 September.
The forecast wave evolution at 10 hPa in Fig. 4 shows that R20 captures well the amplitude and phase of these three large-scale waves. Results from both the R16 and R18 simulations show that the wave 1 amplitude persists too strongly following 22 September, since the analysis shows decay of wave 1 from 22 to 26 September. The wave 2 and wave 3 amplitudes for R16 and R18 show qualitatively similar evolution to the analyses, but the peak values are underestimated considerably. For example, the analyzed wave 3 peaks at 667 m, while R16 and R18 forecasts peak at 397 and 553 m, respectively. Although the amplitudes are weaker, R18 captures the phase evolution quite well up to 26 September, while R16 shows large errors in the wave 2 phase from 24 to 26 September. It is clear from Figs. 2, 3, and 4 that the longer forecasts (R16 and R18) underpredict the large wave 2 and 3 amplitudes that are necessary to produce a split vortex and reversal of the winter jet. We now turn our attention to the lower stratosphere to examine the underlying wave forcing.
c. Analyses and forecasts in the lower stratosphere (100 hPa)
Insight into the planetary wave forcing mechanisms for the 2002 SH major warming was provided by the mechanistic modeling study of Manney et al. (2005a) , who examined the stratospheric response of the U.K. Universities Global Atmospheric Modeling Project (UGAMP) Stratosphere-Mesosphere Model (USMM) to geopotential height forcing at the lower boundary of 100 hPa. Their results showed strong sensitivity of the 10-hPa level to the 100-hPa boundary forcing, particularly to the low-wavenumber components. For example, when forced with only waves 1, 2, and 3, the model produced a major warming similar to observations. When only waves 1 and 2 were used, a strong warming occurred, but the vortex did not split completely, and the wind did not reverse at 60°S, 10 hPa (i.e., a major warming did not occur). Similarly, when wave 2 amplitudes were decreased, even by only 25%, a major warming did not occur. Interestingly, a major warming was produced when wave 1 was omitted and only waves 2 and 3 were included at 100 hPa. These results suggest that in order for a model to produce this major warming in the stratosphere, it must be able to accurately simulate the 100-hPa wave amplitudes, particularly waves 2 and 3.
The 100-hPa geopotential height maps from 16 to 23 September (not shown) indicate a nearly pole-centered vortex on 16 September, followed by rapid elongation of the polar vortex that develops a double-lobed structure by 24 September (Fig. 5) , which is flanked by two opposing ridges on either side of the elongated vortex. This configuration results in very strong upward wave energy flux into the middle stratosphere (see below). The vortex does not completely split at 100 hPa; instead, the two cyclonic lobes merge together by 26 Sep- tember. R22 (2-day forecast) and R20 (4-day forecast) both show the vortex with a double-lobed shape, in agreement with the analysis. R18 (6-day forecast) shows somewhat less vortex elongation, while R16 (8-day forecast) completely fails to capture the doublelobed structure, yielding instead a much more compact, stable vortex. These results are consistent with the evolution of the zonal mean wind at 100 hPa (Fig. 6, left column) . The analyzed zonal wind decreases from a peak of around 50 m s Ϫ1 near 60°S to around 10-20 m s Ϫ1 by 22 September. R20, which was initialized at a time when the 100-hPa jet had already weakened considerably, shows good agreement with the analysis. R18 and R16 show weaker deceleration of the 100-hPa jet, with the jet for R16 remaining above 20 m s Ϫ1 at 60°S. The 100-hPa zonal mean temperatures are provided in Fig. 6 (middle column). The analysis shows a reversed gradient at polar latitudes starting around 23 September. The 100-hPa zonal mean temperature forecast for R20 shows rapid warming poleward of 60°S, but temperatures remain somewhat colder than the analyses. R16 and R18 show much weaker polar warming at this level and no reversal of the meridional gradient.
The analyzed 100-hPa heat flux (Fig. 6 , top right) peaks on 22 September, several days before the 10-hPa heat flux reaches a maximum, indicating upward wave energy propagation. This strong peak was caused by simultaneous peaks in the heat flux contributions from waves 1, 2, and 3 (Newman and Nash 2005; Krüger et al. 2005; Harnik et al. 2005) . As shown by Allen et al. (2003) , this heat flux was much larger than that seen in any of the years from 1979 to 2002. The 100-hPa heat flux for R20 shows rapid growth from 20 to 22 September near 60°S, along with a secondary peak on 26 September near 80°S, consistent with a similar peak in the analyses. R18 and R16 also show growth near 60°S, but both underestimate the peak heat flux, with the R16 peak being considerably lower than the analyzed value. The underestimation of heat flux for R16 and R18 is clearly related to the reduced heat flux at 10 hPa and indicates weaker wave energy propagation throughout the lower and middle stratosphere. To further diagnose how this relates to wave amplification we examine forecasts of the large-scale waves (Fig. 7) . At 100 hPa, the analysis shows wave 1 peaking around 20-22 September near 65°S, decaying for 2 days, and then slowly increasing through 30 September. Wave 2 peaks on 23 September near 60°S with very large amplitudes in excess of 450 m, while wave 3 peaks at over 150 m on 23-24 September. The strong growth rates of waves 2 and 3 at 100 hPa clearly play a major role in this event, as attested by the mechanistic modeling study of Manney et al. (2005a) . The phase propagation of the waves at 100 hPa, 60°S indicates nearly stationary wave 1 and eastward propagation of waves 2 and 3, with a brief stalling period around 24 September, similar to that seen in the 10-hPa phases (Fig. 4) . The superposition of eastward-propagating wave 2 and stationary wave 1 was shown by Harnik et al. (2005) to play a key role in the forcing of this major warming event. Harnik et al. (2005) further argued that the stratospheric wave 2 during this winter was enhanced by anomalous poleward focusing and internal wave reflection, thereby increasing the likelihood of a combined wave 1 and 2 forcing event. In addition, Krüger et al. (2005) observed a correlation between amplification of the quasi-stationary wave 2 at 500 hPa with the amplification of the eastward-propagating wave 2 at 10 hPa 1-2 days later, throughout the 2002 winter, suggesting a tropospheric influence on the amplification of the stratospheric wave modes.
R20 captures the time evolution of the 100-hPa wave amplitudes and phases, although there are slight differences in the peak amplitudes between R20 and the analyses. R18 and R16 show excessively strong wave 1 amplitudes at 60°S from 20 to 26 September. This stronger wave 1 forcing at 100 hPa is consistent with the overestimation of the wave 1 for these runs at 10 hPa (Fig. 4) . R18 does a fairly good job of capturing the wave 2 and 3 evolution, although again there are quantitative differences in the peak amplitudes, such as a weaker wave 2. R16, on the other hand, severely underestimates both wave 2 and wave 3 amplitudes, and shows rather large wave 3 phase errors around 21 September.
d. Analyses and forecasts in the troposphere (500 hPa)
We now examine the relationship between the stratospheric and tropospheric flow. Figure 8 provides synoptic maps of 500-hPa geopotential height for evennumbered days from 16 to 26 September. The tropospheric synoptic plots are more complex than those in the stratosphere, with significant activity at higher zonal wavenumbers that has not yet been filtered by the Charney and Drazin (1961) mechanism. As explained in NN04, a Rossby wave train developed in the troposphere during this period, originating from the western South Pacific and propagating eastward across the Western Hemisphere. Evidence of this wave train can be seen in Fig. 8 as a series of high and low anomalies extending over much of the Western Hemisphere (lower half of the plots). This wave train is consistent with the Pacific-South American blocking pattern discussed in Renwick and Revell (1999) . NN04 documented a particularly strong blocking pattern, with a high over the South Atlantic and a low off the tip of South Africa. These features are identified in Fig. 8 by "H" and "L" for 20, 22, and 24 September. NN04 showed that the strength of this blocking feature (determined from differences in positive and negative geopotential height anomalies at 400 hPa) exceeded 3 times the local standard deviation of this quantity over 25 SH winters (1979 25 SH winters ( -2003 . Although the blocking was not necessarily the strongest observed during these years, it occurred during the weakest observed stratospheric polar night jet. It is likely that the unusual zonal mean flow associated with the weakened jet in 2002 facilitated the upward propagation of these waves (Harnik et al. 2005; Krüger et al. 2005; Newman and Nash 2005) . NN04 also correlated this feature with strong upward flux of the wave activity diagnostic of Takaya and Nakamura (2001) .
In Fig. 9 , we show analyzed and 2-and 4-day forecasts of the 500-hPa geopotential height for 20 September, the approximate date of the South Atlantic blocking onset, along with the vertical component of the 3D EP flux averaged over the 5-day period 18-22 September at 500 hPa and 20-24 September at 100 hPa. The analyzed 500-hPa upward flux peaks at 2.9 m 2 s Ϫ2 over the South Atlantic, at the location of the blocking high identified by NN04 (see "H" in Fig. 9 ). Secondary peaks occur over the western South Pacific, near New Zealand, and over the eastern South Pacific, off the coast of South America. These peaks in 3D EP flux are coincident with strong anticyclones seen in the 500-hPa geopotential heights, two of which occur in the preferred SH blocking regions (near Australia/New Zealand and South America) identified in previous observational studies (e.g., Trenberth and Mo 1985) . Evidence of the upward extension of two of these features can be seen in the 100-hPa 3D EP-flux maps, which show large fluxes occurring over the South Atlantic and eastern South Pacific. A third peak occurs at 100 hPa, centered at 90°E longitude, and is not apparently connected with any 500-hPa feature.
The R18 and R16 forecasts of 500-hPa geopotential height on 20 September (Fig. 9, top) both show the blocking ridge over the South Atlantic and collocated peaks in the 500-hPa 3D EP flux. However, the South Atlantic ridge is somewhat weaker in the forecasts, particularly in R16 (4-day forecast). The 500-hPa 3D EPflux maps for R18 and R16 show peak values over the South Atlantic of 2.4 and 2.0 m 2 s
Ϫ2
, respectively. The weakened ridges and associated heat fluxes, particularly in R16, contribute to the more stable, circular polar vortex at 100 hPa (Fig. 5) . The underprediction of upward 3D EP heat flux in the forecasts is even more dramatic at 100 hPa, with both R18 and R16 showing much weaker fluxes than the analyses. This is consistent with the underprediction of 100-hPa heat flux shown in Fig. 6 . NN04 argue that the wave activity originating from the South Atlantic ridge propagated energy upward into the middle stratosphere. This is confirmed in Fig.  10 , which provides a vertical cross section of the 3D EP-flux vectors at 50°S (averaged from 18 to 22 September) plotted over the geopotential height zonal anomalies on 20 September. These flux vectors quantify propagation of planetary wave activity and reveal upward propagation of significant amounts of wave activity from the tropospheric ridge well into the stratosphere, with the stratospheric vectors progressively migrating eastward toward the Australian high at ϳ120°E. The R18 forecast shows a similar pattern, although the magnitude of the flux vectors tends to be slightly weaker. The R16 forecast clearly underpredicts both the amplitude of the South Atlantic blocking high (seen by smaller geopotential height anomalies) and the strength of the upward propagating wave EP flux.
As discussed in section 2, previous work has shown that NWP models often have difficulty forecasting the onset and duration of tropospheric blocking in both the Northern and Southern Hemispheres (e.g., Tibaldi et al. 1994 ). In the case discussed here, it is clear that although R16 and R18 capture the location of the blocking, the predicted strength of the blocking and the associated upward-propagating planetary wave activity are both too weak. This clearly contributes to the weaker EP fluxes at 100 hPa around 23-24 September and decreased ability of NOGAPS-ALPHA to simulate the vortex splitting at 10 hPa around 25-26 September. The 3D EP-flux patterns in Figs. 9 and 10 suggest launching of large-scale waves at 500 hPa. Figure 11 plots the analyzed and forecast wave amplitudes at this level. The analyzed wave 1 peaks near 60°S on 17 and 20 September, during the time of wave 1 growth at 100 hPa (Fig. 7) . Waves 2 and 3 both have peaks around 23 September at 500 and 100 hPa. The phase propagation at 500 hPa leading up to the major warming (20-26 September) shows nearly stationary waves 1 and 2, and eastward propagating wave 3. Interestingly, there appears to be a short period around 20-22 September when the three waves are nearly in phase. This combination may have contributed to (or been a result of) the strong blocking patterns observed in Fig. 9 .
The forecast wave amplitudes and phases at 500 hPa for R16, R18, and R20 are also shown in Fig. 11 . R20 captures the decay of wave 1 and the growth and decay of waves 2 and 3 at 500 hPa as well as their phases up to 26 September. R18 also shows qualitatively the same features, but the peak wave amplitudes are quite different. For R16, the wave 1 amplitude is far too strong from 20 to 24 September near 60°S. This is consistent with excessive wave 1 amplitudes for this run at both 100 and 10 hPa. The R16 wave 2 peaks later than the analyses, but with approximately the same amplitude, while the wave 3 does not show sufficient growth, consistent with the underestimated wave 3 growth at 100 hPa.
In summary, a comparison among new NOGAPS-ALPHA forecasts of the 2002 SH warming and meteorological analyses demonstrates a strong connection between the quality of the forecasts in the middle troposphere, lower stratosphere, and middle stratosphere. The strong planetary wave amplification in the middle stratosphere (10 hPa) is closely related to wave amplification in both the lower stratosphere (100 hPa) and the troposphere (500 hPa). Energy propagates upward from 500 hPa, particularly from a region of strong blocking over the South Atlantic. This blocking occurs on the leading edge of a Rossby wave train that spans the Western Hemisphere. However, the strength of the blocking may be enhanced by a brief in-phase relationship between waves 1, 2, and 3 at 500 hPa. The large amounts of upward-propagating wave energy cause extremely large heat fluxes and wave amplitudes at 100 hPa that in turn force the stratospheric major warming. Forecasts show that the earliest runs (R16 and R18) are unable to capture the strength of the blocking feature over the S. Atlantic. This results in weaker upward wave energy flux over the South Atlantic and a vortex that does not split. The R20 forecast was initialized at the peak of the 500-hPa heat flux and therefore did not have to forecast the onset of the blocking. This forecast resulted in much better heat fluxes and wave amplitudes at 100 hPa and a split middle-stratospheric vortex that agrees closely with analyses of the event.
NOGAPS-ALPHA forecast skill assessment
A primary motivation for developing a high-altitude NWP model such as NOGAPS-ALPHA is to improve the system's overall forecast skill. Section 3 showed qualitatively that NOGAPS-ALPHA forecasts performed well out to 6 days in capturing the major features of the 2002 SH major warming. In this section we further quantify the improved forecast skill of NOGAPS-ALPHA in the SH using conventional forecast skill diagnostics. We examine NOGAPS-ALPHA forecasts initialized both with the reanalysis (ALPHArean) and with the operational "MVOI" NOGAPS analyses from 2002 (ALPHA-ops). We compare these with the archived operational 5-day NOGAPS forecasts made at the time (NOGAPS-ops).
To illustrate the differences among these three forecast models, we briefly examine 5-day forecasts valid on 26 September. Figure 12 September. The NOGAPS-ops forecast shows the vortex with two distinct lobes, but the vortex has not completely split. The ALPHA-ops forecast shows a definite splitting of the vortex, but the two lobes are not quite as widely separated as in the analyses. The ALPHA-rean forecast, on the other hand, captures the morphology of the split vortex very well, showing that the NAVDAS reanalysis provides an improvement over the MVOI analyses.
To assess more quantitatively the "skill" of these forecasts, we compare the models' forecast wave amplitudes at 10 hPa with similarly computed diagnostics from seven different meteorological analyses. The range of analyzed values will provide some measure of the certainty to which the wave diagnostics are known, thereby providing a useful "truth range" to compare with the forecasts. In addition to the two Navy analyses ("ops" and "rean," described in section 2), we also include analyses from the U.K. Meteorological Office (MetO), the NCEP/Climate Prediction Center (CPC) (NCEP/CPC), the ECMWF, NASA's Goddard Earth Observing System (GEOS4), and the NCEP-National Center for Atmospheric Research (NCAR) reanalysis (NCEP-REAN). The latter five analyses are described in detail in Manney et al. (2003 Manney et al. ( , 2005b and Randel et al. (2004) .
The analyzed and 5-day forecast amplitudes for 26 September are plotted in Fig. 13 . The top row shows the zonal wave 1, 2, and 3 amplitudes as a function of latitude for the seven analyses listed above. All analyses show wave 1 amplitudes that peak at over 650 m near 65°-70°S. There is some discrepancy among the analyses in the actual magnitude of the peak, particularly the NCEP-REAN and ops analyses, which peak higher and farther poleward than the other analyses. The wave 2 and 3 amplitudes both peak at 60°S with mean analyzed amplitudes near 850 and 575 m, respectively. The bottom row of Fig. 13 shows the corresponding 5-day forecasts of the wave amplitudes. The range of analyzed values in the upper plots is overlaid on these lower plots as the gray-shaded region, to aid comparison. For wave 1, NOGAPS-ops severely overpredicts the peak amplitude. Since the 10-hPa level lies within the NOGAPSops "sponge" layer region of enhanced numerical damping and vertical resolution is also rather poor here (see Fig. 1a ), this is not too surprising. NOGAPS-ops forecast wave amplitudes lower down (30 and 50 hPa; not shown) are biased high, but not as severely as at 10 hPa. ALPHA-ops, which uses the same initial conditions, does a much better job with wave 1, although its forecast amplitude is still slightly too large. ALPHArean agrees quite well with the analysis, suggesting that the NAVDAS "rean" fields provide improved initial conditions over "ops" (MVOI). For wave 2, the ALPHA-ops and ALPHA-rean forecasts fall within the range of analyzed amplitudes, while the NOGAPSops forecast amplitude is slightly too low. For wave 3, all forecast amplitudes are slightly larger than the analyses, with ALPHA-rean showing the best agreement.
These results show that for the 5-day forecast of the 2002 SH major warming, the ALPHA-rean and ALPHAops performed better than the NOGAPS-ops. As expected, the combination of an improved model and improved initial conditions yield improved forecasts. We now investigate whether the improvements found in this particular case point to more general improvements in SH forecast skill, both in the stratosphere and in the troposphere. To answer this, we quantify the average skill scores from forecasts initialized on even- The skill diagnostic we use is the geopotential height anomaly correlation, evaluated over the latitude range 20°-80°S. This diagnostic has proven useful for assessing predictive skill in both the troposphere and stratosphere (e.g., Waugh et al. 1998; Lahoz 1999) . The climatology used in this calculation is based on 25 yr of NCEP-REAN geopotential heights. Figure 14 plots the anomaly correlation (AC) at six pressure levels ranging from 10 to 500 hPa. ALPHAops forecasts show improved skill over NOGAPS-ops at all levels, with particularly large improvements occurring in the lower-to midstratosphere (50, 30, and 10 hPa). A Student's t test was performed to determine the significance of these calculated forecast differences. The improvements due to the new model (ALPHA-ops versus NOGAPS-ops) are significant (95% confidence level) at the 100-, 50-, 30-, and 10-hPa levels. The improvements at 200 and 500 hPa are significant at the 85% and 90% confidence levels, respectively. ALPHA-rean shows an additional improvement over ALPHA-ops, with the AC differences between ALPHArean and NOGAPS-ops being significant (95% confidence level) at all pressures from 500 to 10 hPa. The 500-hPa AC, a standard tropospheric skill diagnostic, shows that ALPHA-rean forecasts have a 1-day improvement in forecast skill compared with NOGAPSops. The improvement is due to both the transitioning to the 3DVAR NAVDAS system and the introduction of Advanced Microwave Sounding Unit-A (AMSU-A) radiance assimilation. For further analysis of the impact of radiance assimilation on NOGAPS-ops forecast skill, see Baker et al. (2005) . It is clear that using a forecast model with a higher top and improved treatment of middle-atmospheric photochemical and dynamical processes (NOGAPS-ALPHA), and introducing an improved analysis system (NAVDAS with radiance assimilation), will both positively impact the system's forecast skill in the Southern Hemisphere in the troposphere and stratosphere. 
Summary/discussion
A new high-altitude version of the NOGAPS forecast model (NOGAPS-ALPHA) has been developed and was used to simulate the September 2002 SH stratospheric major warming. While forecasts out to 6 days were able to capture the main features of the event, longer forecasts (8 and 10 days) could not produce the observed split vortex and wind reversal at 10 hPa. This was due to the inability of the longer forecasts to correctly predict the strength of a tropospheric blocking ridge over the South Atlantic, which launched large-amplitude planetary waves into the stratosphere. Forecasts of less than 6 days were initialized with the blocking in place, and therefore did not need to simulate the blocking onset.
Why were the longer forecasts unable capture the magnitude of the blocking? Numerous studies have examined in detail the ability (or inability) of NWP models to forecast blocking onset, duration, and decay (e.g., Tibaldi and Molteni 1990; Tibaldi et al. 1994) . The skill of forecasting blocks tends to exhibit large case-to-case variability, and it can be very difficult to identify why particular forecasts break down. In this case, Niishi and Nakamura (2004) argue that the original source of the Rossby wave train that developed the South Atlantic block was strong convection over the South Pacific convergence zone. Future studies of this event would benefit from examining the sensitivity of the blocking development to the quality of the parameterization and analysis of the convective source region. In addition, further examination of the combined roles of the observed blocking patterns, the in-phase relationship of 500-hPa geopotential height zonal waves 1, 2, and 3, and the vertical wave propagation characteristics is warranted.
Conventional skill diagnostics were used to quantify NOGAPS-ALPHA forecast skill in both the tropo-FIG. 14. Geopotential height anomaly correlation (calculated over 20°-80°S) at select pressure levels, averaged over forecasts initialized on even-numbered days from 18 Sep to 10 Oct 2002. The anomaly correlation is calculated with respect to the analysis used for initialization (i.e., rean for ALPHA-rean and ops for NOGAPS-ops and ALPHA-ops). sphere and stratosphere based on 3 weeks of forecasts in September-October 2002. NOGAPS-ALPHA forecasts initialized with NOGAPS operational analyses (ALPHA-ops) showed an improvement over NOGAPS-ops at all levels from 700 to 10 hPa. These improvements are likely due to a combination of 1) better vertical coordinate: hybrid sigma pressure rather than pure sigma; 2) better vertical resolution in the stratosphere; 3) higher model top; and 4) improved radiation scheme. Model topography also affects the magnitude of quasi-stationary planetary waves ) and synoptic-scale blocking (e.g., Mullen 1994 ). Since the current NOGAPS-ops uses mean orography instead of the silhouette orography that was used in this study, this may have an impact on the forecast of the major warming. A more significant improvement over NOGAPS-ops occurred when ALPHA runs were initialized with a reanalysis based on an improved assimilation system (ALPHA-rean). The analysis improvements included 1) using a 3D variational scheme rather than the thenoperational multivariate optimal interpolation and 2) using AMSU-A radiances rather than retrieved temperature profiles. These ALPHA-rean forecasts yielded wave amplitudes in the middle stratosphere that were much closer to the consensus range of various analyses. Forecast skill calculations showed a significant positive impact of the reanalysis on forecast skill from 10 to 500 hPa. The improvements in forecast skill reported here therefore result from both a better forecast model and a better analysis for initialization. The improvements to the assimilation scheme have already been transitioned to operations at FNMOC (NAVDAS in October 2003; AMSU-A radiance assimilation in June 2004). We are currently planning further tests of and improvements to the NOGAPS-ALPHA forecast model. The goal is to progressively transition aspects of the NOGAPS-ALPHA upgrades to the operational forecast model at FNMOC.
